The calcium intercalated graphite (CaC6) is considered to be a representative material of the graphite intercalated superconductors, which exhibits sizable anisotropy of the Fermi surface (FS). Herein, the influence of the FS anisotropy on the critical magnetic field (HC) in CaC6 superconductor is comprehensively analyzed within the Migdal-Eliashberg (M-E) formalism. To precisely account for the mentioned anisotropy effects, the analysis is conducted in the framework of the six-band approximation, hitherto not employed for calculations of the HC function in CaC6 material. For convenience, the obtained results are compared with the available one-and three-band estimates reported by using the M-E theory. A notable signatures of the increased number of bands are observed for the temperature dependent HC functions. In particular, the HC function decreases at T=0 K as the number of the considered bands is higher. Moreover, it is argued that the sixband formalism yields the most physically relevant shape of the HC function among all considered approximations. Therefore, the six-band model introduces not only quantitative but also qualitative changes to the results, in comparison to the other discussed FS approximations. This observation supports postulate that the six-band model constitutes minimal structure for FS of CaC6, but also magnify importance of anisotropy effects for the critical magnetic field calculations.
I. INTRODUCTION
Graphite, the most thermodynamically stable of carbon allotrope forms, is a system of layered structure with a notable difference between the in-and out-of-plane interactions. Specifically, the interactions between the atoms in the same plane are stronger than interactions between atoms in the neighboring planes; the carboncarbon atoms are connected by the strong covalent bonds (π z ), whereas graphene layers are brought togheter by the weak Van der Waal's bonds (σ). Such presence of two types of bonds results in a highly anisotropic properties of graphite [1] . Because the carbon σ bands are completely filled, the π bands have dominant character on the Fermi surface of carbon [2] . At the same time, from this quasi-bidimensionality arises a large number of other interesting properties, namely: the differences between elastic constants parallel and perpendicular to the graphite planes, the different conductivities etc. [3] .
Unfortunately, the pure graphite does not exhibits superconducting properties [4, 5] , and the introduction of the foreign metal atoms between graphite layers (known as the intercalation process) is required to induce superconducting condensate [3, 6, 7] . After intercalation the * Electronic address: edrzazga@wip.pcz.pl structure of graphite within a given carbon layer does not change much [8] , however the inter-planar distances and surface plane aggregation are the subject to modifications [9] . Nowadays, over 100 reagents are know which can intercalate graphite [10] , with calcium being the most prominent example. In particular, the CaC 6 compound exhibits the highest value T C = 11.5 K among all graphene intercalated compounds (GICs) [8] . Yet another characteristic feature of superconducting state in CaC 6 is the fact that its Fermi surface is highly anisotropic [11] and therefore requires multi-band theoretical models for the appropriate description [11, 12] .
The aim of presented work is to discuss the influence of Fermi surface (FS) anisotropy on the critical magnetic field (H C ) in CaC 6 superconductor. The motivation for these investigations are the previous findings which suggest appearance of a notable anisotropy signatures in the properties of CaC 6 , such as: the pairing gap, the electron-phonon and electron-electron interactions, as well as the electron effective mass [2, 11, 12] . In this manner our work appears as a supplementary to the already available studies, but also attempts to visualize discussed effects in the magnetic features of CaC 6 . Such complementary picture may be additionally of great importance for future studies on GICs as well as their purely two-dimensional counterparts like the lithium-decorated graphene [13] [14] [15] [16] , which is also predicted to present sizable anisotropy [17, 18] . To this end, present work attempts to verify the postulate that six-band model of FS in CaC 6 should be considered as a minimal approximation [2] .
Specifically, the analysis of the aforementioned properties is conducted within the six-band Migdal-Eliashberg (M-E) formalism [19, 20] , hitherto not employed for the calculations of the H C function in CaC 6 . The choice of the theoretical model is reinforced not only by the strong FS anisotropy but also by the relatively high electronphonon coupling constant λ = 0.831 in CaC 6 , which prevents its description within the canonical BardeenCooper-Schrieffer theory [21] [22] [23] . Finally, for convenience, the obtained results are compared with the predictions of the one-and three-band M-E model, reported previously in [12] .
II. THEORETICAL MODEL
As mentioned above, the thermodynamic properties of interest for the superconducting state in CaC 6 are analyzed here within the multi-band Migdal-Eliashberg equations. The solutions of such equations are required for further estimation of the H C function in CaC 6 . Specifically, due to the assumed six effective bands [24] , the Eliashberg equations for the order parameter (∆ α n = ∆ α (iω n )) and the wave function renormalization factor (Z α n = Z α (iω n )) on the imaginary axis take the following form:
and
where symbols α, β ∈ {1a, 1b, 2a, 2b, 3a, 3b} denote the index of the electronic band. The assumed division arises from the previously defined characteristic Fermi surface points within the three-band approximation (see Fig. 1 (A)) [11] . In particular, the physically distinct regions are: the outer π FS part (band 1), the spherical FS part (band 2) and the π FS part crossing the spheres (band 3). It turns out that each of the mentioned parts can be further divided into the two coupled parts named a and b, resulting in the employed six-band approximation [24] . Moreover, in Eq. (1) and (2) the fermion Matsubara frequency is defined by: ω n = πk B T (2n − 1), where k B represents the Boltzmann constant. In order to obtain the numerical stability of our calculations we assume 300 Matsubara frequencies. Such assumption allows us to obtain physically relevant and stable results for T > T 0 where T 0 = 2 K. Finally, the K αβ (z) function is the electron-phonon pairing kernel:
where λ αβ denotes the electron-phonon coupling con-
Graphical representation of the band indexes within the three-and six-band approximation of Fermi surface for the CaC6 compound [11] .
stant, which is defined in the matrix form as follows [24] : (1) and (2) are numerically solved by using the modified numerical procedures initially developed for the isotropic materials [25] [26] [27] [28] [29] and later adopted to three-band CaC 6 superconductor [12] . In this context, the input parameters for the calculations are the critical temperature T C = 11.5 K and the corresponding elements of the Coulomb pseudopotential (µ (5) are arranged with respect to the assumed band indices. It is also worth to note, that the µ ⋆ parameter in the one-band case is equal to 0.21 [11, 24] , and this value corresponds to the only non-zero eigenvalue of the matrix µ Fig. 2 . Because all the bands are connected with each other, the ∆ α n=1 value tends to be zero at the value of Ω C = 18.11 meV. For comparison, in the three-band case this value is equal to Ω C = 20.21 meV [12] . The results presented in Fig. 2 are used for the, pivotal to this work, calculations of the H C functions in CaC 6 , as presented in the next section. 
III. NUMERICAL RESULTS
The critical magnetic field (H C ) is defined in the following form, suitable for the Eliashberg formalism analysis [30] :
where ∆F denotes the free energy difference between the normal (N ) and superconducting state (S) in the considered material. The ∆F function relates the critical magnetic field to the solutions of the Eliashberg equations from the previous section. In particular, the ∆F function can be written for the six-band approximation in the following way [31] :
were the Z α,(S) and Z α,(N ) denotes the wave function renormalization factor for the superconducting (S) and normal (N ) state, respectively. Furthermore, the symbol ρ α (0) constitute the vector of the electron density of states in the six-band formalism [24] : 
with ρ (0) = α ρ α (0). It is important to note that the ∆F function is not only a input parameter for the crit- ical magnetic field calculations, but also allows to verify the physical relevancy of the obtained results. For this reason we plot the ∆F as a function of temperature in the lower panel of Fig. 3 . The results determined within the six-band approximation are plotted by using the open green circles. Additionally, the one-and three-band estimates, obtained in [12] , are given in the lower panel of Fig. 3 and marked by the blue and red open circles, respectively. One can observe notable differences between three presented cases, specifically, when the number of bands increases the value of the ∆F function decreases in the range of low temperatures. Obviously, together with the increase of the temperature all considered cases converge, due to the fact that each of the sets has been obtained for the same value of T C = 11.5 K. Nonetheless, observed differences suggest the saturation of the numerical calculations together with the increasing number of the bands included in the employed approximation. Finally, from the physical point of view, the six-band results obtained herein confirm the thermodynamic stability of superconducting state for T ∈ (T 0 , T C ), by exhibiting negative values in accordance to the one-and three-band cases.
In the same figure, i.e. Fig. 3 , the calculated H C as a function of temperature is depicted in the upper panel. In contrary to the ∆F function our estimates for the H C are marked by the closed green points. Once again the results determined previously in [12] are marked for comparison by the closed blue and red circles for the one-and three-band model, respectively. Similarly to the predictions given in the lower panel a sizable effect of the anisotropy on the obtained H C results is noted. In particular, when the number of the bands included in the approximation increases the H C function for the low temperatures decreases. However, the most pivotal observation can be made by closer inspection of the H C function shape for different approximations. One can see that the H C parameter obtained within the six-band formalism gives almost linear decrease with the increasing temperature above T ∼ 7 K. This is in agreement with the results adopted from [12] . Nonetheless, only results derived from the six-band Eliashberg equations present characteristic plateau for the lower temperatures, which is the most physically relevant behavior of H C for such range of the temperature.
IV. SUMMARY
In the present paper the analysis of the critical magnetic field in CaC 6 was conducted within the six-band Migdal-Eliashberg equations. For convenience, the obtained results were compared to the previous estimates made in the framework of the one-and three-band M-E formalism. In particular, the conducted computations predict that the six-band approximation gives much lower values of H C in the range of low temperatures, suggesting saturation of the Eliashberg theory solutions together with the increase of number of bands included in the employed model. Moreover, within the same temperature range, the H C function exhibits a characteristic plateau-like behavior. Such behavior is argued to be most physically relevant among all discussed approximations. In what follows, it is suggested that the anisotropy in CaC 6 strongly influences the H C function, not only qualitatively but also quantitatively. Finally, determined estimates also support postulate that the six-band approximation is the minimal model for the proper description of the FS in CaC 6 .
